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Abstract 
The Numerical Advanced Model of Electron Cyclotron Resonance Ion Source (NAM-ECRIS) is applied for studies of 
the physical processes in the source. Solutions of separately operating electron and ion modules of NAM-ECRIS are 
matched in iterative way such as to obtain the spatial distributions of the plasma density and of the plasma potential. 
Results reveal the complicated profiles with the maximized plasma density close to the ECR surface and on the source 
axis. The ion-trapping potential dips are calculated to be on the level of ~(0.01-0.05) V being located at the plasma 
density maxima. The highly charged ions are also localized close to the ECR surface. The biased electrode effect is due 
to an “electron string” along the source axis formed by reflection of electrons from the biased electrode and the extraction 
aperture. The string makes profiles of the highly charged ions more peaked on the source axis, thus increasing the 
extracted ion currents.   
Introduction 
Numerical modelling of physical processes in 
Electron Cyclotron Resonance Ion Source (ECRIS) 
[1] requires studies of the ion and electron dynamics 
in a dense hot plasma coupled with an intense 
microwave radiation. Electrons in ECRIS are 
confined by the magnetic mirror forces and heated by 
absorption of the microwaves at the electron 
cyclotron resonance. Electron energies are high 
enough (~1-100 keV) to effectively ionize the plasma 
ions up to their high charge states providing that the 
ion confinement times are sufficiently long (~ 1 ms). 
The ions are extracted out of the source and form 
intense beams used e.g. for injection into accelerator 
facilities. 
Our NAM-ECRIS model is a Particle-in-Cell 
Monte-Carlo Collision group of codes [2 and 
references therein]; separate modules simulate 
electron and ion processes in iterative way by 
exchanging the relevant information between each 
other. The electron module NAM-ECRIS(e) traces 
electron movement in the magnetic field and electron 
diffusion in the velocity space caused by the ECR 
heating. The module uses the ion scattering spatially-
resolved factors prepared in the ion module NAM-
ECRIS(i). The ion module follows the ion diffusion 
and ionization by taking into account the electron 
component’s parameters obtained by NAM-
ECRIS(e). The extraction module NAM-ECRIS(x) 
calculates the ion extraction out of the source by 
using the ion spatial and velocity distributions at the 
extraction aperture imported from NAM-ECRIS(i). 
So far, the ion module was operated in 
assumptions that electron density is equal to the local 
ion charge density and that the ions are retarded when 
crossing the ECR surface by a potential barrier, 
which value is defined by requiring that the electron 
and ion losses out of the plasma are equal. After 
leaving the potential trap, the ions were supposed to 
be accelerated by the pre-sheath electric fields toward 
the source walls and extraction. 
As the next step in the model development, we 
calculate the electron density spatial distribution and 
incorporate it into the ion module, assuring the 
charge quasi-neutrality by allowing the ions to move 
in the internal electric fields obtained by solving the 
3D Poisson equation. In this way we obtain main 
parameters of ECRIS plasma with using only one 
free parameter, namely the electric field amplitude of 
the resonating microwaves. 
Calculations are done for geometry and 
operational parameters of DECRIS-PM source [3]. 
The source chamber dimensions are 7 cm in diameter 
and 23 cm in length. The magnetic field at the 
chamber walls is 1.1 T, at the injection side of the 
source on the source axis – 1.34 T, at the extraction 
side – 1.1 T, and the minimum magnetic field on the 
axis is 0.42 T. The extraction aperture has a diameter 
of 1 cm, the biased electrode with a diameter of 3 cm 
is installed axially at the injection side together with 
the gas and microwave injection ports. The 
microwave frequency is 14.5 GHz. We restrict 
ourselves to simulations of argon plasmas. 
The paper is organized in the following way: first, 
we describe main features of the electron module. 
Spatial distribution of electron density, electron 
energy distribution and electron life time are obtained 
in the module. In the next section, we describe 
calculations of the ion dynamics, showing the spatial 
distributions of the plasma potential and ion 
densities. Also, the biased electrode effect is 
discussed there. Conclusions are given in the last 
section. 
Electron dynamics 
The methods that we use to simulate the electron 
dynamics in ECRIS plasma are described elsewhere 
[4]. Some modifications are made in the algorithm, 
especially concerning the electron microwave 
heating. 
Electrons are traced as they move in the magnetic 
field of the source. The particles are elastically 
scattered in electron-electron and electron-ion 
collisions according to the density maps imported 
from the ion module. Also, positions of secondary 
electron creation in electron-ion collisions are 
imported from NAM-ECRIS(i) to be used as the 
launching conditions for electrons in the 
computational domain. 
Electrons are reflected from the walls if their 
energy along the local magnetic field line is less than 
50 eV, which is an estimate of the plasma potential 
drop in a sheath. Close to the biased electrode at the 
injection side of the source, electrons are reflected 
back if their longitudinal energy is less than 500 eV. 
At the extraction aperture, electrons are retarded by 
the source extraction potential of 20 keV. 
Interaction with microwaves 
Whenever an electron crosses the ECR surface, it 
experiences velocity kicks both perpendicular and 
along the magnetic field line. This resonant diffusion 
of electrons in velocity space results in an electron 
heating and in a flux of electrons into the loss cone 
followed by electron losses on the walls. The 
relativistic resonance magnetic field is Doppler-
shifted in our calculations, 𝐵𝑟𝑒𝑠 =
1
𝑠
𝐵0𝛾(1 − 𝛽), 
where 𝐵0 = 0.518 𝑇 for 14.5 GHz microwaves, 
s=1,2 for the 1
st
 and 2
nd
 harmonics of the resonance, 
𝛾 is the relativistic factor, 𝛽 =
𝑣∥
𝑣Φ
 , 𝑣Φ is module of 
the wave phase velocity along magnetic field line, 𝑣∥ 
is longitudinal velocity of electron (negative if the 
wave and electron are moving in opposite directions). 
The wave phase velocity is calculated from the 
dispersion relation for the right-hand whistler waves 
in cold plasma as 
  
𝑐2
𝑣Φ
2 = 𝑛
2 = 1 −
𝜔𝑝
2
𝜔(𝜔−𝜔𝑐𝑒)
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𝑛𝑒
∗
1−𝐵∗
  (1) 
where n is the refractive index, ωp, ω and ωce are 
electron plasma, microwave and electron cyclotron 
angular frequencies respectively, ne
*
 and B
*
 are the 
electron density normalized to the critical electron 
density for 14.5 GHz microwaves (2.6×1012 cm-3), 
and the magnetic field normalized to B0 value (the 
resonant magnetic field with no shift). 
In the following, we designate the B*=1 surface 
as the ECR zone surface. Relativistic and Doppler 
effects both shift the resonant magnetic fields from 
the B
*
=1 value. For B
*
<1 and ne
*
 greater than (1-B
*
), 
the phase velocity is an imaginary number and 
whistler waves are evanescent and non-resonating. 
Outside the zone, the phase velocity is real for any 
electron density and no cut-off effects exist there. For 
B*=1 surface, the phase velocity formally goes to 
zero, but the electron thermal effects limit it at some 
level; in our calculations we do not correct Eq.1 for 
this limitation. 
The kick magnitudes are calculated according to 
Girard et al. [5] with the relativistic corrections from 
[6]: velocity along the magnetic field v∥ increments 
as 
 Δ𝑣∥ =
𝑒𝐸𝑣⊥
𝑚𝛾
(
1
𝑣Φ
−
|𝑣∥|
𝑐2
)𝑡𝑒𝑓𝑓cos (𝜑)  (2) 
where E is the resonating microwave electric field 
amplitude, teff  is the effective time that electron 
spends in the resonance [7],  
𝑡𝑒𝑓𝑓 = 𝑚𝑖𝑛 {
0.71
𝜔
(
2𝜔
𝜔′𝑣⊥
)
2
3, 1.13(
2
𝜔′𝜔𝑣∥
)1/2} (3) 
and 𝜔′ = 1( / )s sB dB ds
  is the normalized 
magnetic field gradient along the field line at the 
resonance point. Kicks for the perpendicular velocity 
are 
 Δ𝑣⊥ =
𝑒𝐸
𝑚𝛾
(1 − 𝛽 −
𝑣⊥
2
𝑐2
)𝑡𝑒𝑓𝑓cos (𝜑)  (4) 
The kick phase φ is random. The microwave 
amplitude is a free parameter in our calculations. Its 
value is determined by the level of the injected 
microwave power, power losses in the plasma and on 
the walls, as well as direction of the wave 
propagation after reflections from the plasma and 
walls. We omit these details at the present version of 
the model and use the estimate for the changes in the 
amplitude caused by local refractive index of the 
plasma (n) as it is suggested in [8]: 
  𝐸~𝐸0𝑛
−1 2⁄    (5), 
where E0 is the wave electric field amplitude in 
vacuum. 
This estimate comes from the relation between 
the electromagnetic wave energy flux (I) and the 
wave electric field amplitude: 𝐼 =
1
2
𝑣Φ𝜀𝜀0𝐸
2 =
1
2
𝑛𝑐𝜀0𝐸
2 in assumption of negligible variation in 
the microwave power density while it propagates 
in plasma. It follows from Eqs.1 and 5 that when 
the wave is approaching the ECR surface in 
direction from the higher magnetic field, it is 
slowed down and its amplitude is decreasing. The 
larger is the electron density, the more prominent 
is the amplitude decrease; for the fixed electron 
density, waves with the higher frequency are 
damped weaker, which probably explains the 
frequency scaling effects in ECRIS. 
Electron energy distribution and life time 
The presented data are obtained for the fixed 
electric field amplitude of microwaves E0 of 100 
V/cm. This value is selected such as to obtain the 
extracted argon ion charge-state distributions close to 
the experimentally observed ones. Reactions of the 
plasma parameters to variations in the amplitude and 
in the gas flow into the source will be reported later. 
The typical calculated electron energy distribution 
for the electrons that stay in the plasma is shown in 
Fig.1. The spectrum is obtained for the plasma 
parameters described in the next section after 
reaching the conformed solutions of the electron and 
ion modules. 
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Fig.1 The energy distribution for electrons inside the 
plasma (grey) and for lost electrons (orange columns). 
 
The distribution is fitted by a sum of three 
exponentially decaying curves. The high energy part 
of the distribution can be fitted with two curves with 
indexes of 2.5 keV (warm component in the energy 
interval from 100 eV to 10 keV) and 55 keV (hot 
component with energies above 10 keV), with the 
warm electrons contributing ~30% into the high-
energy part of the spectrum. The low energy part 
(cold electrons with energies below 100 eV) is fitted 
by a curve with the decay index of 20 eV. For the 
presented situation, the cold electron fraction is 30% 
of the total number of electrons. A knee in the 
spectrum is seen at energies of ~250 keV (γ≈1.5), for 
which the relativistically shifted resonant magnetic 
field start to be comparable to the field close to the 
extraction. 
Energy distribution for the lost electrons (Fig.1, 
orange columns) differs from the spectrum of 
electrons in the plasma because of the energy 
dependence of electron loss rates. Most of the lost 
electrons have energies below 10 keV, with energetic 
bump at energies of ~250 keV. Such the bump is seen 
when measuring the energies of electrons that leave 
the source through the extraction aperture [9].  
Mean energy of the lost electrons is 1 keV. This 
energy is used for calculation of total power carried 
by lost electrons, which is close to the microwave 
power coupled to the source plasma. 
The electron life time is defined by two loss 
mechanisms – diffusion of electrons due to collisions 
with charged particles in the plasma, and electron 
losses caused by interaction with the microwaves. 
The larger is the microwave electric field amplitude, 
the faster electrons are heated and the collision-
induced rates are decreasing (the collision rate 
depends on the electron velocity as ~ ve
-3
). At the 
same time, the microwave-induced rates are 
increasing with the amplitude. Relative strengths of 
these channels in our calculations are dependent on 
the plasma parameters, with the microwave-induced 
losses dominant for low densities and large electric 
field amplitudes. For the conditions presented in 
Fig.1, the electron life time is 0.35 ms, and it is 
immediately increasing up to 1.9 ms after switching 
the microwave heating off, indicating the relative 
importance of the microwave-induced losses. 
Spatial distributions of the electron density 
The electron life time is large compared to the 
time for electron bouncing along the magnetic field 
lines and for relatively slow curvature drift across the 
lines. Most of the cold electrons are trapped by 
electric fields at the source walls, the biased electrode 
and the extraction aperture. Energetic electrons are 
mirror-trapped with the turning points distributed 
close to their resonance positions. Most of the time 
particles spend around these turning points, where the 
velocity along the magnetic field line is small. As the 
consequence, density of electrons is highest in these 
regions; for the moderately relativistic plasma in 
ECRIS, the highest density is around the ECR zone 
surface. The same issues are discussed in [10]. 
Trajectories of electrons in the source are 
illustrated by Fig.2, where slices are shown through 
trajectories in the transversal (A and B) and in the 
longitudinal (C) planes. The slice A crosses the point 
where the magnetic field on axis is minimal (z=12.5 
cm). The transversal slice B is calculated at the point 
where ECR surface crosses the source axis (z=16.5 
cm). The longitudinal slice C is oriented 
perpendicular to the transversal slices such as to cross 
the hexapole poles (vertically in Figs.2AB). The 
brighter is a pixel’s color in Fig.2, the larger is 
electron density there.  
Losses of the cold electrons are suppressed along 
the magnetic field lines terminated by the extraction 
aperture and by the biased electrode. After ECR 
heating of the trapped electrons, dense compact blobs 
are formed close to the ECR surface on the axis. The 
transversal size of the structure is defined by the 
extraction aperture and by the magnetic field profile; 
its FWHM is ~8 mm in our case. The longitudinal 
size depends on the magnetic field gradient around 
the ECR surface close to the axis, and it is around 1 
cm, same for both blobs. 
 
 
 
A 
 
B 
 
C 
Fig.2 Electron trajectories in the transversal (A and B, 
z=12.5 and 16.5 cm) and in the longitudinal (C) planes. 
 
We briefly mention here that with using two 
microwave frequencies for the plasma heating, it is 
possible to control the dense plasma size along the 
source axis, which partially explains the experimental 
observations of the two-frequency heating effects 
[11].   
Transversally, the blobs are triangular stars 
rotated by 60˚ in respect to each other at the injection 
and extraction sides of the ECR zone. When distance 
from the axis is increasing, the star’s arms become 
more and more inclined toward the source center, 
being almost parallel to the axis at the center. The 
blobs are connected by the axial dense bar. 
 
A 
 
 
B 
Fig.3 Electron densities in the transversal (A, z=16.5 cm) 
and longitudinal (B) planes. 
 
From the electron trajectories, we calculate the 
electron density distributions by using the standard 
PIC techniques with the under-relaxation algorithm 
for time-averaging. Typical distributions are shown 
in Fig.3 in the transversal (z=16.5 cm) and 
longitudinal planes. The densities are calculated on 
the computational mesh of 65×65×64 cells in x-, y- 
and z-directions. The density absolute scale is 
selected during the iterative procedures that will be 
described later; for the given dataset, the maximal 
electron density is ne(max)=4.5×10
12
 cm
-3
 on the axis 
and plasma is strongly over-dense in the blobs. The 
color scale shows the electron density in 10
12
 cm
-3
 
units. 
Perspective drawings of the isosurfaces that limit 
the plasma with the electron density above 3.0×1011 
cm
-3
 (A) and 1.1×1011 cm-3 (B) are shown in Fig.4 for 
the same plasma parameters as in Fig.3. The plasma 
boundary is slightly outside the ECR zone with the 
dumbbell’s shape of the densest parts. Narrow axial 
bars are protruding toward extraction and injection 
sides of the source from the blobs. 
 
 
A 
 
B 
Fig.4 Perspective drawings of the plasma with cuts in 
electron density from below of 3.0×1011 cm-3 (A) and 
1.1×1012 cm-3 (B) 
 
The density profiles along the source axis and in 
transversal direction at z=12 cm (A) and at z=16.5 
cm (B) are shown in Fig.5 (longitudinal) and 6 
(transversal). The profiles are calculated separately 
for the “cold” electrons with energies less than 100 
eV, for the “warm” electrons with energies from 100 
eV to 10 keV and for the “hot” electrons with 
energies higher than 10 keV. Density of the hot and 
warm electrons in the blobs is higher by factor of 3 
compared to the value at the center of the plasma on 
axis. The ECR surface coordinates are indicated in 
Fig.5 and Fig.6A with the dashed orange lines. It is 
seen that the blobs are located a few millimeters 
away from the zone positions at the larger magnetic 
fields. 
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Fig.5 Electron density profiles in axial direction. 
Black curve represent cold electrons with energies 
<100 eV, red curve is for the warm electrons with 
energies from 100 to 10 keV, green curve - for the 
hot electrons with energies above 10 keV. 
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Fig.6 Electron density profile in the transversal direction at 
z=12.5 cm (A) and z=16.5 cm (B) for cold (black), warm 
(red) and hot (green) electron components.  
 
The profiles are dependent on the electron energy: 
hot and warm electrons are preferentially localized at 
the outer parts of plasma and on the axis, while cold 
electrons are mostly localized in the axial bar, 
showing the effect of the electrostatic pugging of 
electrons by the extraction and the biased electrode 
voltages. 
The calculated electron density maps are imported 
into the ion module of NAM-ECRIS for 
investigations of the ion dynamics.  
Ion dynamics 
General description and matching of the module 
solutions 
The ion module uses the PIC-MCC methods to 
trace movement of ions in the magnetic and internal 
electric fields of the source [2]. The ions undergo 
elastic and un-elastic collisions with other ions, 
neutrals and electrons. Ion neutralization processes 
on the walls are taken into account either with using 
the energy accommodation coefficients from [12] or 
assuming the total energy absorption for the elements 
heavier or comparable in atomic mass to the wall 
material (as for Ar+Fe in our case).  The electron 
densities from NAM-ECRIS(e) are fixed during the 
specific run and define rates of ionization and 
heating. We use the electron energy distributions 
from the electron module to calculate the ionization 
rates with using the Lotz’s cross-sections. The 
Langevin’s rates are used to simulate the charge-
exchange collisions. 
Each time step, the ion charge densities are 
calculated on the mesh, as well as the difference 
between the total ion space charge density and the 
electron density in a cell. After normalization to the 
maximal value, the differences are used by 3D 
Poisson solver to calculate the electric potential φ. 
The calculated potential is multiplied by some fixed 
factor. The larger is this factor, the smaller difference 
between the ion and electron densities is observed; 
the factor is selected such as to ensure that the 
difference is smaller than ~10%. The mesh size is too 
large to resolve the plasma sheath region, and the 
potential is obtained without the plasma sheath 
contribution of ~ +(25-50) V. 
The procedure to match solutions of the electron 
and ion modules is the following: “seed” electron 
density distribution is imported into the ion module. 
The ion dynamics is calculated for different statistical 
weights of computational particles. When reaching 
stationary conditions in NAM-ECRIS(i), the 
extracted ion currents, the gas flow into the source, 
the total ion flux onto the walls and the ion life time 
are calculated. The statistical weight is then selected 
such as to obtain close values of the electron and ion 
life times. The ion scattering factors for this statistical 
weight are imported into the electron module, and the 
cycle is repeated until the solution converges with no 
noticeable variations in the plasma density profiles 
and other parameters. 
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Fig.7 The ion life time as a function of the ion statistical 
weight. 
The typical technical plot of matching the 
solutions of (e) and (i) modules is shown in Fig.7. 
Here, the ion life time is plotted for different 
statistical weights of ions for the fixed electron 
density distribution. Increase in the weight (which is 
an equivalent to increase of gas flow into the source) 
results in decrease of the ion life time, whereas the 
electron life time varies insignificantly. The weight 
of 4.8×108 gives equal electron and ion loss times 
with the argon gas flow of 0.75 particle-mA.  
Electrostatic potential distributions 
The calculated electric potential distributions 
along the source axis and in the transversal direction 
for z=12.5 (red) and 16.5 cm (black) are shown in 
Fig.8. The potential double layer is formed adjacent 
to the dense parts of the plasma limited by the ECR 
surface. The potential minima are formed in the blobs 
to confine the ions; the values are around 0.05 V 
along the axis and (0.01-0.02) V in the transversal 
direction for the given plasma conditions. 
The two-dimension plots of the electric potential 
are shown in Fig.9 in the transversal and longitudinal 
planes. The transversal distribution follows the 
plasma symmetry caused by the hexapole component 
of magnetic field, showing the triangular positive 
structure with a small ion confining dip on the axis. 
The longitudinal distribution shows two dips close to 
the ECR surface at the dense plasma regions. Inside 
the ECR volume close to the B-minimum position, 
the electric potential distribution is flat with small 
depressions close to the peripheral plasma blobs.  
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Fig.8 Electric potential profiles along the source axis (A) 
and in the transversal direction (B) at z=12.5 cm (red) and 
16.5 cm (black). 
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Fig.9 Electric potential in the longitudinal (A) and 
transversal (B) planes. 
 
We see that the transversal potential dip in the 
blobs is small and the potential distribution is 
asymmetric. Potentially, this is the unstable situation: 
shifts in transversal direction and anomalous radial 
diffusion of ions can occur in the blobs and in the 
plasma close to extraction. Experimentally, 
displacements of the plasma were detected in 
coincidence with drops in the extracted ion currents 
[13]. 
Spatial distributions of the ion densities 
The potential distributions govern the highly 
charged ion (HCI) dynamics. These ions are 
preferentially produced and trapped in minima of the 
potential that coincide with the maximal electron 
density regions. The lowly charged ions are 
distributed mostly outside the ECR zone, with effect 
of their “burn-out” in the dense regions of the plasma 
by ionization into the higher charge states. 
Trajectories of Ar
8+
 and Ar
1+
 ions are shown in 
Fig.10 and Fig.11 respectively. The same color 
scheme is used as for Fig.2, with the brighter colors 
indicating that more ions crossed a pixel. 
 
A 
 
 
 
B 
Fig.10 Trajectories of Ar8+ ions in longitudinal (A) and 
transversal (B, z=16.5 cm ) planes. 
 
 
A 
 
B 
Fig.11 Trajectories of Ar1+ ions in longitudinal (A) and 
transversal (B, z=16.5 cm) planes. 
 Ion temperatures weakly depend on the ion 
charge state because of a strong energy equilibration 
in the ion-ion collisions. The temperature for Ar
8+
 
ions is calculated as 0.15 eV, while the coldest Ar
1+
 
ions have the temperature of 0.08 eV, close to the 
longitudinal dip value. 
From the total flux of ions toward the source 
walls and into extraction, we estimate the electron 
flux and, by using the mean energy of the lost 
electrons of 1 keV from the electron module, 
calculate that the power flux out of the plasma is ~50 
W. This value should be compared with ~500 W of 
the total power of microwaves injected into the 
source. 
Strong localization of HCI on the source axis and 
in the plasma blobs influences the profiles of 
extracted ions. Positions of those ions that are lost at 
the extraction electrode are shown in Fig.12. Three-
arm pattern is always observed in experiments and 
had been reproduced already in our previous 
publications [2]. The main feature in the Fig.12 is a 
compact spot in the center of distribution and 
relatively intense strips along the star arms. 
 
Fig.12 Positions of the lost ions on the extraction electrode. 
 
The higher is the ion charge state, the smaller is 
the size of ion distribution at the extraction aperture. 
For the Ar
10+
 ions, the mean radius of particles that 
pass through the extraction aperture is 2.6 mm, 25% 
smaller than 3.5 mm for the uniformly distributed 
ions. The result is that the magnetic emittance term 
for these ions is reduced to 54% of the value for the 
uniform distribution. Such deviations of the measured 
emittances of the highly charged ions from the 
estimated values were reported elsewhere [14]. 
The biased electrode effect 
We demonstrated that electrostatic trapping of 
electrons along the magnetic field lines by the biased 
electrode and the extraction voltage boosts the 
plasma density along the source axis. To observe the 
effect more clearly, electron density maps are 
obtained with setting no electron-retarding voltage on 
the biased electrode such that electrons are reflected 
there by the sheath potential only. The extraction 
voltage is not changed such that the cold and warm 
electrons are still reflected at the extraction aperture. 
The densities are obtained in the same iterative way 
as it is described in the previous section. 
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Fig.17 Electron densities in transversal direction at z=16.5 
cm with the biased electrode on (black) and off (red). 
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Fig.18 Charge state distribution of extracted argon ions 
with (green) and without (red) the biased electrode voltage 
switched on. 
Confinement of electrons along the source axis is 
weakened in these conditions and the electron density 
in the blobs is decreased. Profile of total electron 
density in the transversal direction for z=16.5 cm is 
shown in Figs.17 as the red curve. The gas flow is of 
0.75 particle-mA, i.e. the plasma input parameters are 
the same as for the data shown previously. The 
distribution is compared to the data with the biased 
voltage switched on (black curve, which is obtained 
by summation of densities for all electron 
components from Fig.6B). It is seen that the electron 
density in the blob on axis is decreased by ~30% with 
the biased electrode voltage off, mostly because of 
the reduced content of the cold and warm electrons. 
At the same time, electron density at the outer parts 
of the plasma remains unchanged. 
The extracted argon ion charge-state distributions 
with and without biasing the electrode are compared 
in Fig.18. Currents of the highly charged ions above 
6+ charge state drop noticeably, while currents of the 
moderately and lowly charged ions are not affected. 
Changes in the source output are consistent with the 
experimental observations [15,16]. 
The “electron string” formation and increase of 
the plasma density on axis requires trapping 
potentials both at the injection and extraction sides of 
the source: we expect different plasma parameters 
with and without putting the extraction voltage on the 
source. 
Conclusions 
Mirror-trapped electrons with energies of ~(10-
50) keV spend most of time at their turning points 
close to the ECR surface. The result is that the 
plasma density is maximized there. Electrostatic 
trapping of electrons in between the biased electrode 
and extraction aperture boosts the plasma density on 
the source axis, with formation of two dense blobs at 
intersection of the “electron string” with the ECR 
surface. Plasma density in these blobs can be larger 
by factor of 2-3 of the density in the source center 
around the minimum of the magnetic field. Highly 
charged ions are electrostatically trapped in these 
regions. Small transversal size of the blobs means a 
strong axial localization of the highly charged ions at 
the extraction aperture and reduced emittances of the 
extracted ion beams. 
The concept of ECRIS plasma as a combination 
of two compact over-dense blobs surrounded by a hot 
shell located around the ECR surface can explain 
experimental observations of source responses to 
changes in the magnetic field gradients at the ECR 
surface and the two-frequency heating effects. 
Electron dynamics calculations in our model 
suffer from assumptions of uniform electric field 
amplitude of the resonating microwaves (E0) outside 
the plasma and of the amplitude’s reduction in 
correspondence to the local refractive index of 
plasma. In real conditions the microwaves are 
absorbed, reflected and refracted by the plasma such 
that we expect E0 value varying inside the source 
chamber. More sophisticated modelling of the 
electron heating process can result in different 
electron energy distributions and electron life times 
and thus in different parameters of the ion 
component. Nonetheless, the presented version of the 
NAM-ECRIS code touches important aspects of 
ECRIS operation. Adjustment of only one free 
parameter is needed to reproduce the experimentally 
measured extracted ion currents. The biased electrode 
effect is explained in the model as the consequence of 
increased plasma density in the blobs. 
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